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2ABSTRACT  
Simultaneously achieving high gravimetric capacitance and volumetric capacitance remains as a 
major challenge in the development of supercapacitor electrode materials. A class of hollow 
carbon nano bowls (HCNBs) with a unique semi-concave geometry has been synthesized by a 
facile template method. The HCNBs can serve as a nanoreactor for the in-situ space-confined 
growth of ultra-small size, few layer two-dimensional (2D) molybdenum disulfide (MoS2) 
nanosheets. When used as the electrode materials for supercapacitors, the MoS2 nanosheets 
inside HCNBs named MoS2@HCNBs demonstrated outstanding gravimetric capacitance (560 F 
g−1 at 0.2 A g−1) and volumetric capacitance (874 F cm−3) at the same time. The cycling 
performance of MoS2@HCNBs (94.4% capacitance retention after 5000 cycles) is also much 
higher than HCNB@MoS2 in which the surfaces of HCNBs were covered by the 2D MoS2 
nanosheets. Several factors have been leading to the boosted performances and the mechanisms 
have been analyzed. The HCNBs with high surface area, developed porosity and ultrathin carbon 
shells promote the rapid electrolyte penetration and provide a conductive pathway for excellent 
ion and electron transport. The ultra-small few layer MoS2 nanosheets inside the HCNBs help to 
induce extra electrochemical double-layer capacitance as well as higher pseudocapacitance. 
More importantly, the semi-concave HCNBs can protect the structural stability of MoS2 
nanosheets and contribute an enhanced packing density to further improve the volumetric 
capacitance of the hybrid MoS2@HCNBs. 
KEYWORDS: supercapacitors, molybdenum disulfide MoS2, carbon nano bowls, gravimetric 
capacitance, volumetric capacitance 
3INTRODUCTION 
Supercapacitor is an important energy storage technology for the current and future’s industry 
and society. It represents one of the most promising solutions, due to its fast charge and 
discharge rate, long cycle life, high power density and low cost1. The exploration of new 
electrode materials with superior performances is critical to solve energy conversion and storage 
challenges. Massive differences on the performances of the two classes of supercapacitor 
materials have been observed. There are two energy storage mechanisms of supercapacitors, 
Electrochemical Double Layer Capacitance (EDLC) and Pseudocapacitance (PC). Unlike the 
EDLC which involves no chemical reaction but only the reversible ion adsorption/desorption, the 
pseudocapacitive materials such as Ruthenium(IV) oxide RuO2 store energy faradaically via the 
reduction-oxidation reactions of the active material on the electrode2. By combining the two 
mechanisms, a higher overall performance could be achieved3. However, achieving high 
gravimetric capacitance and volumetric capacitance of supercapacitors while maintaining 
excellent cycle stability, has been the bottleneck that limits the rapid development and broader 
applications of supercapacitors4. 
Porous carbon, graphene and two-dimensional (2D) transition metal dichalcogenide (TMDCs), 
such as molybdenum disulfide (MoS2) and tungsten disulfide (WS2), have been extensively 
studied in the field of optoelectronics5, 6, photovoltaics7, rechargeable lithium batteries8 9, 10, solar 
thermal energy harvest11, 12, 13, Joule heaters14 and so on. Recently, the 2D layered graphene15 and 
the TMDC materials9 have been studied as a new class of electrode materials for 
supercapacitors8 16, 17,  along with the 0D (carbon nano onions), 1D (carbon nanotubes) and 3D 
carbon (active carbon, mesoporous carbon) as supercapacitor electrode materials. MoS2 based 
supercapacitor can store electrical energy via three different mechanisms16. Besides the EDLC 
4and the pseudocapacitive capacitor (contributed by the redox reaction of Mo atoms), the larger 
spacing of 2D MoS2 layers can accelerate the rapid reversible intercalation of electrolyte ions 
(H+, K+, NH4+) between layers, which can contribute a part of the embedded pseudocapacitance.  
However, the conductivity of semiconducting 2H-phase and 3R-phase of MoS2 is much lower 
than that of carbon materials18. Although the 1-T phase MoS2 whose conductivity (10–100 S 
cm−1) is metallic19, its conductivity is one magnitude lower than carbon materials (1000 S cm−1 
or higher)20. Besides, the 1-T phase is metastable, much more difficult and expensive to 
synthesize, and the conductivity remains as a limiting factor for higher performance 
supercapacitor devices. In addition, the highly stacked MoS2 sheets make the inter-layer sites 
active for ion insertions be limited, which hinders the full exertion of its theoretical capacity. 
Therefore, most supercapacitors with MoS2 electrodes reported so far, demonstrated relatively 
low gravimetric capacitance (150-700 F g−1)21 22 or volumetric capacitance (100-700 F cm−3)23 19.
In order to overcome these challenges, different strategies such as doping, intercalations or 
hybridizing with other materials with better conductivity, have been proposed to improve their 
electrochemical performances24. Hybridizing MoS2 with carbon is one of the most effective 
approaches, as it can significantly enhance the conductivity and the specific surface area of the 
MoS2 based electrodes25. Particularly, hollow carbon is an interesting class of carbon material26, 
due to its unique geometry, large specific area, large interior void, low densities, high electrical 
conductivity, as well as its mechanical and thermal stability. The hollow and core-shell structures 
can also effectively increase the electrolyte/electrode contact area, reduce the diffusion distance 
of the ions in the electrolyte27 and effectively suppress electrochemical oxidation reactions28, so 
that the cycle stability of the supercapacitor device could be improved. In the previous studies, it 
has been known that it’s easier to fill inorganic nano materials into large voids (tens to hundreds 
5nm) of hollow carbon spheres. It is possible but difficult to fill materials into the ultra-small 
spaces in carbon nanotubes. So far, there are very few reports or effective methods to generated 
meso sized (especially from 2 nm to 10 nm) cavities that can be used for space confined growth 
of 2D materials in hollow carbon structures. 
Although the reported MoS2-nano carbon composites could help to improve the conductivity 
and specific capacitance, the enhancement of electrochemical performances is still insufficient 
for many practical applications. For instance, when the semiconducting 2D MoS2 with poor 
conductivity covers the surface of carbon spheres, the connection between the carbon and MoS2 
becomes weak, especially at high current densities. In addition, the MoS2 nano flakes or nano 
clusters on the carbon surface are still thick (usually ≥20 nm) and are directly exposed to the 
electrolyte, this configuration is less stable during cycling at high current density29. To date, 
there is little understanding on the space confined growth of 2D MoS2, or the impact of the 
topology of the MoS2-carbon hybrid materials on the supercapacitor performances. Therefore, it 
is important to synthesize materials with optimized structures but in different architectures, so 
that the synergistic effect of carbon materials and MoS2 can be clearly understood and fully 
utilized in supercapacitor devices. 
In this study, a facile in-situ space-confined template synthesis method for the 2D MoS2-
carbon hybrid materials has been developed. Three different materials for supercapacitor 
electrodes were successfully prepared, the Hollow Carbon Nano Bowls (HCNBs), the 
MoS2@HCNB (ultrathin 2D MoS2 nanosheets confined inside the cavity of the HCNBs) and the 
HCNB@MoS2 with thick MoS2 nano flakes grown on the surface of HCNB. The synthetic 
method utilized the SiO2 as the first template to obtain the HCNBs, the obtained carbon nano 
bowls were used as nano reactor and the succeeding second templates. By controlling the 
6synergistic effect between shell thickness and pore structure in the carbon layer, the original 
spherical structure of SiO2@C can be controllably transferred into carbon nano spherical bowls 
with semi-concave geometry. Then, the ammonium thiomolybdate solution ((NH4)2MoS4) was 
impregnated into HCNB by vacuum incipient wetness method followed by calcination to prepare 
MoS2@HCNB. 
RESULTS and DISCUSSION 
The new nanoscale architectures, combines several advantages as supercapacitor electrodes: (1) 
The carbon material HCNB provides high surface areas, hierarchical porous structures, high 
electrical conductivity, high nitrogen (N) atoms and oxygen (O) atomic doping, beneficial to 
acquire the high capacitance, good rate capability and cycling stability; (2) Monolayer and few 
layer 2D MoS2 nanosheets is confined to grow inside the cavity of hollow HCNB, and 2D MoS2 
nanosheets are enfolded and protected by thinner carbon shell could avoid the direct exposure to 
the electrolytes, which can effectively overcome the poor cycle stability of pseudocapacitive 
electrode materials; (3) Monolayer and few layer of 2D MoS2 nanosheets possess a large number 
of active sites, shortening the diffusion distance of ions, which is beneficial to the storage of ions 
and transfer of ions/electrons30; (4) compared to hollow carbon spheres, the HCNB with semi-
concaves, bowl shaped structure has a smaller void volume and the semi-concaves structure by 
stacking two layers of curved carbon films. The distance between the upper and lower carbon 
layers is significantly reduced, which could encapsulation the appropriate amount of 2D MoS2 
nanosheets. Meanwhile, MoS2 could be directly connected to the upper and lower carbon shells 
to improve the electrolyte ions between carbon-MoS2-carbon. This can overcome the difficult 
that pseudocapacitive electrode material is uneasy to fully exert due to the agglomeration and 
stacking. The synthesized novel MoS2@HCNB demonstrated excellent gravimetric capacitance 
7of 560 F g−1 (with the volumetric capacitance as high as 874 F cm−3). Furthermore, excellent 
cycling performance (94.4% capacitance retention after 5000 cycles) for supercapacitors has 
been achieved by using such an electrode material. 
Synthesis of MoS2@HCNB and HCNB@MoS2 
The template method has been used to obtain the MoS2@HCNB, the synthesis steps are shown 
in Scheme 1(I). Simply by changing the ratio between carbon precursors and tetraethyl 
orthosilicate (TEOS), the structures of the obtained hollow carbon materials can be controllably 
tuned from nano hollow spheres to nano bowls. Firstly, a layer of resorcinol-formaldehyde 
polymer doped with small SiO2 spheres (diameter, 190±10nm), is coated by a one-pot 
polymerization on the surface of Silica (SiO2) spheres. Ethylenediamine (EDA), a catalyst for 
both the polymerization and tetraethyl orthosilicate (TEOS) hydrolysis, was also used as nitrogen 
(N) precursor for in-situ N doping in carbon materials. After calcination and removal of the SiO2
(both the SiO2 spheres and small SiO2 particles intertwined within the outer carbon layers), the 
thinner porous carbon shells could not maintain the original spherical three-dimensional structure 
during the SiO2 removal process and then like a deflated ball, they collapse slowly inward to 
form a bowl-like structure, the HCNBs with semi-concaved bowl shape was prepared.  
i) For the MoS2@HCNB, the ammonium thiomolybdate solution was adsorbed into the HCNB
by vacuum incipient wetness method. The HCNB with semi-concaves could act as a nanoreactor. 
Pure HCNB with a hollow internal cavity structure has a high specific surface area (1400 m2 g−1) 
and an average pore size of 2.25 nm, this suggests that the driving force behind the filling of the 
hollow core of the carbon capsules by the inorganic compound solution is the capillary motion 
through the mesopores of the carbon shell during vacuum incipient wetness process. Similarly, 
its high specific surface area and dispersed pore structure distribution allow MoS2 to grow 
8through more active sites within HCNB. Then, the surface of HCNB was rinsed by rapid suction 
filtration of ethanol to remove the (NH4)2MoS4 precursor remaining on the surface of HCNB. 
This ensures that MoS2 will not grow on the outer surface of the HCNB. After the annealing 
process, the ultra-small few layers MoS2 nanosheets could grow in-situ inside the semi-concaves 
HCNB, to obtain the MoS2@HCNB. Contributed by the synergistic effect between HCNB and 
MoS2 nanosheets, the MoS2 nanosheets grown inside the HCNB can form a continuous 
conductive carbon-MoS2-carbon network channel with the upper and lower carbon shells inside 
the carbon nano bowls, which can greatly increase the electrode conductivity of the materials, 
and HCNB with hierarchical porosity and ultrathin carbon shells promotes electrolyte 
penetration and provides a conductive shell for excellent charge transfer. However, during the 
experiment, the internal volume of HCNB is small, which is easy to cause supersaturation 
impregnation, resulting in the residual MoS2 on its outer surface rather than achieving perfect 
carbon-coated MoS2 structure. Therefore, we choose the best sample in the experiments for 
further research. Calculated from the TGA results, the MoS2 content in MoS2@HCNB accounts 
for about 14% by weight (Figure S2a). 
ii) The HCNB@MoS2 was synthesized by the solvothermal method using (NH4)2MoS4 as both
Mo and S sources, the synthesis procedure is shown in Scheme 1(II). Specifically, HCNB was 
ultrasonically dispersed in ethanol solutions with different concentrations of (NH4)2MoS4, and 
then prepared by the solvothermal method to obtain HCNB@MoS2 with different amount of 
MoS2 flakes wrapping on the surface of HCNB. For comparison, we synthesized different 
amount of MoS2 wrapped on the surface of HCNB, the three samples were labelled as 
HCNB@MoS2-1, HCNB@MoS2-2 and HCNB@MoS2-3, containing about 30%, 40% and 60% 
of MoS2 by weight according to the TGA results (Figure S2a and S2b).  
9The morphology of the as-prepared HCNB, MoS2@HCNB and HCNB@MoS2 samples, was 
investigated by Scanning Electron Microscope (SEM). Figure 1a and 1b illustrate the surfaces 
of the HCNB and MoS2@HCNB, respectively. Both the HCNB and the MoS2@HCNB, with the 
average diameters around 200 nm (± 10 nm), have uniform semi-concaved structures with 
smooth surfaces. The inset of Figure 1a shows the fracture surface of HCNB, confirming the 
hollow structure of the carbon nano bowls. The unnoticeable change of the diameter of the 
MoS2@HCNB according to the SEM images (Figure 1a and Figure 1b), indicates that the 
(NH4)2MoS4 was perfectly impregnated into the hollow interior of the HCNB by the incipient 
wetness method and no residue remained on the surface of the HCNB. 
The structures and the shell thickness are further characterized by the Transmission Electron 
Microscopy (TEM, Figure 1c) and High Resolution TEM (HRTEM, Figure 1d). The thickness 
of the carbon wall of the shell is about 8 nm, the 2D MoS2 nanosheets distributed uniformly 
inside the HCNB. The low thickness, good wettability of the carbon shell and the uniform 
distribution of MoS2, are very beneficial to the ions and electron transport for supercapacitor 
devices. As the carbon walls are very thin, half of the hollow carbon sphere collapsed when 
removing the silica template. The upper hemisphere continuously sags into the interior, causing 
the hollow volume inside the carbon nano bowl to be continuously compressed. Finally, a sealing 
structure similar to the parallel stacking of the two layers of curved carbon nanosheets was 
formed (Scheme 1, Figure 1a). The distance between the upper and lower carbon shells is 
estimated to be around 5-8 nm (Figure 1f). This dimension falls in the range of the effective size 
for the ionic storage of supercapacitor devices, thus can partially contribute to the ionic storage 
capability. 
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The unique geometry, morphology and the gap between the two carbon walls, provide an ideal 
condition under which the ultra-small 2D MoS2 nanosheets could be formed inside the HCNB. 
The 2D MoS2 nanosheets could help to connect the upper and lower carbon layers, forming a 
network structure with conductive hotpots and channels, which also contribute to the 
improvement of electrochemical performances. This can be verified by the TEM (Figure 1c) 
clearly, the ultra-small 2D MoS2 nanosheets with the lateral sizes of 3-5 nm are uniformly 
dispersed inside the HCNB (indicated by the yellow arrow). The obtained ultra-small size 2D 
MoS2 nano crystals and encapsulated structures, indicate that HCNB could provide space-
confined nanoreactors to limit the kinetic growth of few-layers ultra-small 2D MoS2 nanosheets. 
The HRTEM characterizations (Figure 1d, 1e and 1f) directly show that the 2D MoS2 
nanosheets grown inside the HCNB have few-layer structures, consisting of one layer, two layers 
or three layers of MoS2. The 2D MoS2 nanosheets exhibit substantial exposed edges which 
would be electrochemically active sites30. The interlayer spacing of the (002) calculated by the 
Bragg’s law is 0.67 nm, larger than that of the bulk MoS2 (0.62 nm). This is probably due to the 
chemical intercalation of ammonia produced by the thermal decomposition of (NH4)2MoS431. 
The selected-area electron diffraction (SAED) pattern of the MoS2@HCNB is shown in Figure 
1e. The obtained Debye-Scherrer ring patterns of (002), (100), (103) and (110) planes confirmed 
the crystalline structures of the MoS2 nanosheets. Combining the density of HCNB and 
MoS2@HCNB, and the proportion of MoS2 in MoS2@HCNB (from TGA results), it shows that 
most of MoS2 is inside HCNB, and very few are outside. Because TGA can indicate that MoS2 in 
the material is about 14% of the weight of carbon. The density increases by about 10% 
(calculated from the Table S1). Therefore, it can be said that a very small amount of MoS2 is on 
the outer surface of the HCNB, and most of it is wrapped inside. The SEM picture (Figure 1b) 
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reveals that the outer surface of MoS2@HCNB is relatively smooth, which is similar to the pure 
HCNB sample without MoS2. In addition, the EDX elemental mappings (Figure 1g-1k) reveal 
that there are C, N, O, Mo and S elements in MoS2@HCNB structure. The C, N and O elements 
are dispersed in the carbon shell, but Mo and S elements are concentrated in the interior of the 
HCNB framework. This further confirms that MoS2 nanosheets have been grown inside the 
cavity of HCNB. 
The possible mechanism of ultra-small 2D MoS2 nanosheets space confined growth inside 
HCNB is discussed. The ammonium thiomolybdate solution was adsorbed into the HCNB 
nanoreactor by vacuum incipient wetness method. A large number of nitrogen-containing and 
oxygen-containing functional groups within HCNB serve as nucleation sites and deposition sites 
for coupling Mo precursors, which is beneficial to uniformly disperse the Mo precursor and 
formation of few-layered MoS2 nanosheets within the HCNB. Subsequently, the MoS2 
nanosheets were in situ growth within the HCNB by the following reactions during annealing 
process: (NH4)2MoS4 →MoS2 + 2NH3 + H2S + 1/8S8.32 At this stage, HCNB as a nanoreactor 
space confined growth of MoS2 to form ultra-small few-layered nanosheets. 
In parallel, the HCNB@MoS2 sample of the similar dimension (diameter 230 ± 20 nm) and 
same geometry was synthesized and characterized. According to the SEM images in Figure 2a-
2c, the MoS2 nano flakes are uniformly attached on the surface of the HCNB with different sizes 
and density. The amount of the MoS2 can be easily controlled by the content of (NH4)2MoS4 
during the synthesis process. Apparently, at a low (NH4)2MoS4 concentration (6 mg/mL), the 
MoS2 nano flakes are smaller in size (about 20 nm, Figure 2a) and uniformly covered the 
surface of the HCNB. As the content of (NH4)2MoS4 increases to 12 mg/mL, the size of the 
MoS2 nano flakes become significantly larger (about 50-60 nm). An array of interconnected 
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curly flakes with exposed edges could be found covering the surface of the HCNB (Figure 2b). 
For a high concentration of (NH4)2MoS4 (18 mg/mL), it was found that the dense vertically 
orientated MoS2 nano flakes (diameter is about 80 nm) were grown and almost completely 
covered the outer surface of HCNB (Figure 2c). The high density and large thickness of the 
MoS2 layers, could significantly reduce the conductivity of the composite and degraded the 
electrochemical properties of the material. According to the TEM images (Figure 2d and Figure 
S1), the 2D MoS2 nano flakes have anchored to the HCNB firmly, same as one can expect strong 
attachment from the crystal growth steps and mechanism.  
  The crystallinity of the composites is analyzed by XRD patterns, as shown in Figure 3a. The 
five sharp diffraction peaks at 13.9°, 33.1°, 39.5°, 48.9° and 58.7°, indexed to the (002), (101), 
(103), (105), (110) planes of 2H phase MoS2 (JCPDS card No. 371492), implying the high 
crystallinity of MoS2 with no byproducts in the MoS2@HCNB33. Compared to the 
HCNB@MoS2 (2θ=14.1°), the (002) plane diffraction peak of the MoS2@HCNB is slightly 
shifted to 2θ=13.9°. The interplanar spacing of the MoS2@HCNB calculated by the Bragg’s law 
is 0.66 nm, larger than that of HCNB@MoS2 (0.64 nm). The increased interplanar spacing 
provides more space for the inlet and outlet of the ions in the electrolyte, leading to high 
capability and faster charging and discharging processes34. Simultaneously, the (002) peak 
intensity of MoS2@HCNB is significantly lower than that of HCNB@MoS2, indicating that the 
porous and the unique geometry of HCNB limits the growth of MoS2. The few layer MoS2 grew 
in the (002) direction towards the ultra-small MoS2 nanosheets inside the hollow carbon to form 
the MoS2@HCNB.  
In addition, there is a small bump peak around 2θ=20~35° indexed to the (002) crystal 
orientation of graphitic carbon in the HCNB, which indicates that MoS2 does not change HCNB 
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structure either when growing on the outer surface or inside the cavities of the HCNB. The 
synthesized nano carbon and hybrid materials contain both crystalline and amorphous carbon 
components. The graphitic carbon structure has been confirmed by G band around 1596 cm−1 of 
the Raman spectra (Figure 3b), the in-plane stretching vibrational mode of the sp2 hybridized 
carbon atom pair35. The characteristic peak around 1372 cm−1 is the D band due to the edges, 
defects and disorder of carbon36 in the HCNB. The peak intensity ratio (ID/IG) provides an 
approach to evaluate the degree of graphitization of the carbon materials. The ID/IG of HCNB, 
MoS2@HCNB and HCNB@MoS2 are close to each other, respectively, indicating that the 
carbons in all the three samples have a similar degree of graphitization. In addition, there are two 
peaks at about 379 cm−1 and 403 cm−1 associated with A1g (out-of-plane symmetric 
displacements of sulfur atoms along the c-axis) and E12g (the in-plane displacement of Mo and S 
atoms) of MoS2 37. 
The Nitrogen sorption isotherms of the obtained carbon and hybrid materials were evaluated 
by a TriStar 3000 Surface Area and Pore Size Analyzer at 77 K (Figure 3c). All the samples, 
HCNB, MoS2@HCNB and HCNB@MoS2 displays type IV isotherm behavior, three typical 
regions including low pressure (P/P0<0.01), middle pressure (0.4<P/P0<0.9) and high pressure 
(P/P0≈1) can be clearly distinguished. The surface area of the three materials show big 
differences (Figure 3c and Table S1), the MoS2 carbon hybrid materials have smaller surface 
areas (734.8 m2 g−1 for the MoS2@HCNB, 286.1 m2 g−1 for the HCNB@MoS2) as compared to 
the pure HCNB (1400 m2 g−1) or hierarchical porous carbons (1740 m2 g−1)12. The reduced 
surface area of MoS2@HCNB, is probably due to the ultra-small sized MoS2 nanosheets grow 
inside the cavity of HCNB took up some inner space or filled the pores on the surface (consistent 
with the SEM and TEM analysis results). But for HCNB@MoS2, the much larger diameter MoS2 
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nano flakes wrapped the outer surface of HCNB, severely blocked the pores porosity and led to a 
significant reduction in surface area (from 1400 m2 g−1 to about 286.1 m2 g−1 only). 
The pore size distribution (PSD) was calculated based on the BJH method from the Nitrogen 
adsorption measurement and plotted in Figure 3d. The pore diameters of HCNB, MoS2@HCNB 
and HCNB@MoS2 are ca. 2.25 nm, 2.15 nm and 2.01 nm, respectively. Their pore volumes are 
1.17 cm3 g−1, 0.70 cm3 g−1 and 0.37 cm3 g−1, showing the same decreasing trend as the surface 
area changes.  
The elemental composition and chemical state of the carbon and MoS2-carbon hybrid materials 
were studied by X-ray photoelectron spectroscopy (XPS). The full XPS spectrum confirmed the 
presence of C, N, O, Mo and S both in the HCNB@MoS2 and MoS2@HCNB (Figure 4a). The 
Mo 3d spectra (Figure 4b) shows two peaks at 229.1 and 232.3 eV, which is assigned to Mo 
3d3/2 and Mo 3d5/2, demonstrating Mo4+ state in MoS2. The peak at 235.7 eV is attributed to Mo6+ 
due to partial oxidation by O atom in carbon layers and MoS238. The S 2p spectra (Figure 4c) 
consists of two peaks at 163.2 and 162.1 eV that are related to S 2p3/2 and S 2p1/2 of S2−, which is 
representing the split spin doublet for the p-orbital of S2−38. The atomic ratio of Mo to S is about 
1:2, further confirming the synthesis of MoS2 in the composites. The high resolution XPS spectra 
of C 1s, O1s and N 1s confirmed the successful doping of N and O in HCNB (Figure 4d-4e). 
However, HCNB has been first heat-treated at 900°C. Then, after incipient wetness impregnation 
of the MoS2 precursor, heat treatment is performed only at 400 °C. Therefore, the possibility of 
C doping into MoS2 is very small. As seen in Figure 4f and Table S2, the nitrogen and oxygen 
contents for MoS2@HCNB and HCNB@MoS2 are more than HCNB. This is due to the chemical 
intercalation of ammonia and oxidation by the thermal decomposition of (NH4)2MoS4, which can 
be beneficial to their wettability and provide partial pseudo-capacitance. 
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Large specific surface area and proper pore size distributions and elemental doping are 
critically important and represent a direct correlation with the electrochemical energy storage 
capability of the supercapacitors, as they are based on the formation of electric double layer by 
ion electrosorption at the electrode-electrolyte surface. A typical porous carbon material with the 
specific surface area of 1000 m2/g, whose double-layer capacitance is about 10 μF/cm2, typically 
lead to the specific capacitance of about 100 F/g4. Among the samples synthesized, the HCNB 
and MoS2@HCNB, has the larger BET surface area, high pore volume and suitable pore size (2-
5 nm) that falls into the electric double cylinder capacitor range39. Theoretically, the HCNB and 
MoS2@HCNB should have a better electric double layer capacitance than HCNB@MoS2. 
The obtained carbon and hybrid nano materials were used as electrodes of supercapacitor 
devices, the electrochemical tests were carried out. Figure 5a is the Cyclic Voltammetry (CV) 
curves of HCNB, HCNB@MoS2 and MoS2@HCNB electrodes (scanning rate of 5 mV s−1). The 
CV curves of these samples are quasi-rectangular, indicating the domination of the electric 
double layer capacitance (EDLC) with minor faradaic pseudocapacitance.  
The samples were evaluated at different scanning rates from 5 to 200 mV s−1 (Figure 5b and 
Figure S3a-S3b and Figure S5a-5c). Even at the high scanning rate of 200 mV s−1, the 
deformation of the CV curve of MoS2@HCNB is still not very significant, which means that the 
electrode is charged and discharged at a pseudo-constant rate over the complete voltammetric 
cycle. The CV curve at the faster scan rate has a larger area than the lower scan rate one, but 
does not indicate a greater charge capacitance at the higher scan rate. Meanwhile, with the scan 
rate increases, the effective interaction between the ions and the electrode is greatly reduced 
because of the resistance of MoS2 and the deviation from rectangularity of the CV becomes 
obviously. These results prove that the success of the spatially confined growth of ultra-small 
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MoS2 nanosheets inside the HCNB, is a promising approach towards the synthesis of higher 
performance supercapacitor materials. 
The Galvanostatic Charge-Discharge (GCD) curves of HCNB, HCNB@MoS2 and 
MoS2@HCNB at 0.2 A g−1 in 6M KOH electrolyte are shown in Figure 5c. The GCD curve of 
HCNB shows a typical isosceles triangular shape, indicating the dominant double layer 
capacitive behavior along with minor pseudocapacitance due to the N and O doping in the 
carbon materials. The mechanism of MoS2 contribution to the capacity mainly includes three 
aspects, besides the electric double layer capacity and the pseudocapacitive (contributed by the 
redox reaction of Mo atoms), the larger spacing of 2D MoS2 layers can accelerate the rapid 
reversible intercalation of electrolyte ions (H+, K+, NH4+) between few layers, which can also 
partically contribute with the embedded pseudocapacitance. The theoretical specific capacity of 
MoS2 is as high as 1200 F g-1 (detailed information displayed on SI12). In contrast, the GCD 
curves of HCNB@MoS2 and MoS2@HCNB were distorted due to the pseudocapacitances from 
the MoS2 nanosheets. The pseudocapacitance of MoS2 is due to the faradaic charge transfer of 
Mo during the electrochemical process16, in which Mo could show several oxidation states from 
+2 to +6, so it can show a pseudocapacitor similar to RuO2. The gravimetric capacitances (Cg) of
the HCNB, HCNB@MoS2 and MoS2@HCNB electrodes are calculated by the equation,  
Cg = IΔt/mΔV                                  (1) 
where, I is the current density, Δt is the discharge time, m is the weight of the active material, and 
ΔV is the potential window. Interestingly, though the MoS2@HCNB whose surface area is not 
the highest, it has the largest closed area of its CV curve (Figure 5a) corresponding to a higher 
specific capacitance (560 F g−1) than HCNB@MoS2 (370 F g−1) and HCNB (272 F g−1, Figure 
5d). 
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The volumetric capacitance Cv is calculated from the equation of Cv = Cg × ρ. The volumetric 
capacitance Cv is another important parameter for supercapacitors, especially when the 
supercapacitors are applied in miniaturized and portable electronic products. The MoS2 
nanosheets can improve the packing density (ρ) of the electrode materials (also shown in Table 
S1). The packing densities were evaluated by placing 100mg samples into a dry measuring 
cylinder, then taped hundreds of times (Figure S6). Notably, HCNB with semi-concave structure 
is derived from the collapse of hollow spheres, which makes it can be densely stacked and has an 
enhanced packing density than other carbon electrode materials. In addition, MoS2@HCNB, 
which confine the growth of ultra-small MoS2 nanosheets within the HCNB, did not alter the 
backbone structure of the HCNB. Therefore, the MoS2@HCNB is about 10% higher packing 
density (1.56 g cm−3) than HCNB (1.41 g cm−3). As shown in Figure 6a, MoS2@HCNB 
electrode has the largest volumetric capacitance of 874 F cm−3. As the volumetric capacitance is 
more than twice of that of the HCNB (370 F cm−3), the remarkable improvement cannot be only 
explained by the higher packing density (only about 10% higher). The boosted performance 
stems from its higher gravimetric capacitance together with enhanced packing density.  
The gravimetric capacitances were obtained based on the GCD curves at varied current 
densities (Figure S4 and Figure S5d-5f). The gravimetric capacitance of MoS2@HCNB is 433 
F g-1 at high current density (10 A g−1), and the capacitor retention is 77.3% which was 
obviously higher than HCNB@MoS2 (only 63.5%). Figure 6b and Table S3 compare the 
gravimetric capacitance and the volumetric capacitance of the MoS2@HCNB with other 
materials previously reported, such as porous carbon40, 41, carbon nanotubes (CNTs)42, 
graphene43, 44, MXene45, MoS219, 46, 47, verifying that this new synthetic strategy makes it be 
possible for MoS2@HCNB to achieve excellent gravimetric capacitance as well as volumetric 
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capacitance. The better rate performance is attributed to the space-confined nanoreactors of 
HCNB and the ultra-small MoS2 nanosheets with few layers structures. 
In order to study the charge transfer kinetics and internal resistance, the electrochemical 
impedance spectroscopy (EIS) tests were carried out at the frequency from 10−1 to 105 Hz. The 
charge transfer resistance (Rct) is 1.2 Ω, 2.2 Ω and 3.7 Ω for HCNB, MoS2@HCNB and 
HCNB@MoS2, estimated from the Nyquist plot (Figure 6c) of the three materials. The 
MoS2@HCNB with 2D MoS2 nanosheet grown inside the cavity of HCNB, has better 
conductivity than HCNB@MoS2, revealing the excellent interfacial contact between the ultra-
small few layer MoS2 nanosheets and HCNB. The low Rct indicates that the MoS2@HCNB could 
promote faster ion diffusion and enhance energy storage for the supercapacitors. 
The cycle life of the samples was evaluated and plotted in Figure 6d. Both of the HCNB and 
MoS2@HCNB electrodes maintained high capacitance retention as high as 96.7% and 94.4% 
after 5000 cycles, much higher that of HCNB@MoS2 (78.1%). Furthermore, the morphology of 
the of HCNB, MoS2@HCNB and HCNB@MoS2 electrodes after the cycling tests were observed 
by SEM, and the results are shown in Figure S7. It is clearly shown that the size, shape, and 
structural integrity of the carbon nano bowl skeleton are unchanged. The excellent cycling 
stability of MoS2@HCNB reveals that carbon nano bowls can act as rigid shields, which can 
effectively alleviate the structural deformation caused by the MoS2 during the charge-discharge 
processes. 
The MoS2@HCNB where the ultra-small MoS2 nanosheets grown inside the cavity of HCNB, 
exhibits larger gravimetric capacitance (560 F g−1), much higher than that of HCNB@MoS2 (370 
F g−1) or HCNB (272 F g−1). The MoS2 nanosheets growing inside of HCNB are only a few 
nanometers (about 3-5 nm), much smaller than MoS2 nano flakes (20-80 nm) covered on the 
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surface of HCNB. Therefore, the electrolyte ions could easily reach the interlayers reaction sites 
of MoS2 and adsorbed on the 2D surfaces to exhibit electrochemical double layer capacitance or 
to induce faradaic reaction and pseudocapacitance. In addition, the few layer MoS2 nanosheets 
growing inside the HCNB are uniformly distributed, thus formed a continuous conductive 
bridging with the upper and lower carbon shells inside the carbon nano bowls, which can greatly 
increase the electrode conductivity of the materials. Finally, the high BET surface area, 
developed hierarchical porous structures and larger pore volumes also contribute to the 
improvement of specific capacitance performance. The performances achieved represent one of 
the best results on the MoS2 or carbon based supercapacitor devices (Figure 6b). It provides a 
new strategy both for the space confined growth of 2D layered materials, as well as the 
development of high performance supercapacitor materials. 
CONCLUSIONS 
  In conclusion, ultra-small MoS2 nanosheets with few layer structure were space-confined 
grown inside of N-doped Hollow Carbon Nano Bowls (HCNB) by a facile method. The semi-
concave structured HCNB has a high specific surface area, hierarchical porosity and ultrathin 
carbon shells, which can provide electrochemical double layer capacitance. MoS2 nanosheets 
with few layers of structure and ultra-small diameter allowed the rapid reversible intercalation of 
electrolyte ions between layers, which can contribute a part of the embedded pseudocapacitance. 
In addition, contributed by the synergistic effect between HCNB and MoS2 nanosheets, the MoS2 
nanosheets grown inside the HCNB can form a continuous conductive carbon-MoS2-carbon 
network channel with the upper and lower carbon shells inside the carbon nano bowls, which can 
greatly increase the electrode conductivity of the materials, and HCNB with hierarchical porosity 
and ultrathin carbon shells promotes electrolyte penetration and provides a conductive shell for 
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excellent charge transfer. Furthermore, the HCNB with a unique semi-concave geometry tightly 
enfolds the ultra-small size, few layer MoS2 nanosheets, which can protect the structural stability 
while enhancing the volumetric capacitance of the hybrid MoS2@HCNBs. Consider all of these 
advantages, MoS2@HCNB as the electrode material applied in supercapacitors, can 
simultaneously obtain excellent gravimetric capacitance (560 F g−1) and volumetric capacitance 
(874 F cm−3), and enhanced cycling performance (94.4% capacitance retention after 5000 cycles) 
than HCNB@MoS2 where the MoS2 nano flakes grew on the outer surface of HCNB. The 
present work paved the way to the further development of space-confined reaction inside HCNB, 
which can also be easily extended to the construction of other 2D nanostructures (such as metal 
sulfide/oxide) for other applications, such as catalysis, biomedicine, gas storage and drug 
delivery. 
Experimental Section 
Synthesis of hollow carbon nano bowls with semi-concaves structure (HCNB)48: HCNB was 
prepared by a facile method using SiO2 as a hard template, tetraethyl orthosilicate as pore-
forming agent. Typically, 0.5 g of SiO2 was uniformly dispersed in a premixed solution of 
ethanol and deionized water (ethanol: water = 3:7), then resorcinol, formaldehyde and 
ethylenediamine were sequentially added to the above solution under stirring at 35 °C. After 10 
minutes, a certain amount of TEOS was added dropwise with vigorous stirring, and the reaction 
was continued for 24 hours. After centrifugation and drying, the sample was carbonized at 
900 ℃ for 3 h under N2. The HCNB with a novel semi-concave geometry was obtained by 
removing the silica with a 10% hydrofluoric acid (HF) solution.  
Synthesis of MoS2@HCNB: MoS2@HCNB was prepared by vacuum incipient wetness 
impregnation. The obtained HCNB was placed in a closed glass vessel and degassed for 30 
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minutes to obtain a vacuum state. Under the vacuum, the ammonium thiomolybdate dissolved in 
ethanol is added dropwise until incipient wetness and then dried at 80 °C overnight. Finally, heat 
treatment was carried out for 3h at 350 °C under N2 atmosphere to obtain MoS2@HCNB. 
Synthesis of HCNB@MoS2: HCNB@MoS2 was produced by a simple solvothermal process. 
A certain amount of ammonium thiomolybdate was dissolved in 20 ml of ethanol, after stirring 
for 30 min, 25 mg of HCNB was added and mixed by stirring for 2 hours. The solution was then 
transferred into a 30 mL Teflon autoclave and kept at 200 °C for 15 hours. After collection, the 
sample was calcined for 3 hours at 350 °C under N2 atmosphere to obtain the HCNB@MoS2. 
Characterizations: The morphologies and structures of the HCNB, MoS2@HCNB and 
HCNB@MoS2 were conducted by scanning electron microscopy (SEM, FEI Sirion200) and 
transmission electron microscopy (TEM, EM-2100F JEOL). X-ray diffractometer (XRD D8 
ADVANCE Da Vinci with Cu Kα radiation), X-ray photoelectron spectroscope (XPS Kratos 
AXIS Ultra DLD) and Raman spectrometer (Horiba JobinYvon HR 800 Raman spectrometer) 
were used to characterize the chemical compositions of samples. Thermo-gravimetric analyses 
(TGA) were performed by a thermo-gravimetric analyzer (NETZSCH STA 449F3) under 
atmosphere. The specific surface area and pore structure were tested at 77 K on a TriStar 3000 
Surface Area and Pore Size Analyzer. The packing density of the materials was determined by 
the method reported in the literature [56].  
Electrochemical characterizations: The electrode was prepared by coating mixed slurry of 
active material, acetylene black and PVDF (polytetrafluoroethylene) with the weight ratio of 
8:1:1 on the nickel foam as the current collector (1 × 1 cm), and then dried at 100°C overnight. 
The mass of active materials was kept at about 2.0 mg cm−2, and the electrode thickness was 
about 100 μm (Figure S8). The Hg/HgO electrode and a piece of Pt were used as reference and 
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counter electrode, respectively. The electrochemical measurements were carried out by a CHI 
660D potentiostat (CHI instrument, Shanghai, China) using 6 M KOH as the electrolyte. The 
voltage for CV and GCD varied from 0 V to 1 V. The scanning rates of the CV were from 5 to 
200 mV s−1 and the current densities of GCD were from 0.2 to 10.0 A g−1. The EIS spectra were 
obtained in a frequency range from 10−1 to 105 Hz. 
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Scheme 1. Schematic synthesis processes of the hierarchical MoS2-Carbon Nano Spherical 
  Bowls (HCNB) hybrid materials, (I) MoS2@HCNB and (II) HCNB@MoS2. 
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Fig. 1. SEM images of (a) HCNB (the inset is the fracture surface of an HCNB) and (b) 
MoS2@HCNB, (c) TEM image of MoS2@HCNB. (d) HRTEM image of MoS2@HCNB, (e) 
Selected-area electron diffraction (SAED) pattern of MoS2@HCNB, (f) STEM image, (g-k) the 
corresponding Energy Dispersive X-Ray (EDX) elemental mappings of C, N, O, Mo and S in a 
single MoS2@HCNB. 
33
Fig. 2. SEM images of the as-prepared HCNB@MoS2 samples with different amount of MoS2  
wrapped on the surface of HCNB, (a) HCNB@MoS2-1, (a) HCNB@MoS2-2 and (c)
HCNB@MoS2-3, (d) TEM image of HCNB@MoS2-2. 
34















































































Fig. 3. (a) XRD patterns and (b) Raman spectrum of HCNB, MoS2@HCNB and HCNB@MoS2. (c) 
Nitrogen adsorption–desorption isotherms of the HCNB, MoS2@HCNB and HCNB@MoS2. (d) Pore 
size distributions of the three samples. 
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Fig. 4. (a) XPS survey spectrum, and high-resolution spectra of (b) Mo 3d, (c) S 2p, (d) O 1s and  
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Fig. 5. (a) Cyclic Voltammetry (CV) curves tested at 5 mV s−1 for HCNB, MoS2@HCNB and 
HCNB@MoS2, (b) CV curves at the various scanning rates for MoS2@HCNB, (c) Galvanostatic 
charge-discharge (GCD) curves measured at 0.2 A g−1 for HCNB, MoS2@HCNB and 
HCNB@MoS2; and (d) corresponding gravimetric capacitance versus discharge current density 
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Fig. 6. (a) volumetric capacitances (Cv) vs. gravimetric capacitances (Cg) of HCNB, 
MoS2@HCNB and HCNB@MoS2, (b) Cv vs. Cg of the as-prepared electrode materials with 
previously reported related materials, (c) The Nyquist plot (the inset is the enlarged spectrum in 
the low impedance regime), and (d) cycling performance at 5.0 A g−1 for 5000 cycles. 
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Figure S2. TGA curves of (a) HCNB, MoS2@HCNB and HCNB@MoS2 (This refers to 
HCNB@MoS2-2), and (b) HCNB@MoS2-1, HCNB@MoS2-2 and (b) HCNB@MoS2-3 
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Figure S3. CV curves at the various scanning rates for (a) HCNB and (b) HCNB@MoS2 
 
 
4. GCD curves at the various scanning rates for HCNB, MoS2@HCNB and 
HCNB@MoS2 
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Figure S4. GCD curves (a-c) at the various scanning rates for (a) HCNB, (b) 







5. CV and GCD curves at the various scanning rates for HCNB@MoS2 samples with 
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Figure S5. CV curves (a-c) at the various scanning rates for (a) HCNB@MoS2-1, (b) 
HCNB@MoS2-2 and (c) HCNB@MoS2-3, and GCD curves at the various scanning 












6. A photograph of 100 mg of HCNB, MoS2@HCNB and HCNB@MoS2 tapped in 
quartz tubes 
 
Figure S6. 100 mg HCNB, MoS2@HCNB and HCNB@MoS2 tapped in quartz tubes. 
The tap densities were evaluated by placing 100mg samples into a dry measuring 
cylinder, then taped hundreds of times1. Notably, HCNB with semi-concave structure is 
derived from the collapse of hollow spheres, which makes it can be densely stacked 
and has an enhanced packing density than other carbon electrode materials. In addition, 
MoS2@HCNB, which confine the growth of ultra-small MoS2 nanosheets within the 
HCNB, did not alter the backbone structure of the HCNB. Therefore, the MoS2@HCNB 
is about 10% higher packing density (1.56 g cm−3) than HCNB (1.41 g cm−3). 
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7. SEM characterizations of HCNB, MoS2@HCNB and HCNB@MoS2
electrodes after 5000 discharge/charge cycles at 5.0 A g−1.  
Figure S7. SEM images of (a) HCNB, (b) MoS2@HCNB and (c) HCNB@MoS2 
electrodes after 5000 discharge/charge cycles at 5.0 A g−1.  
8. The electrode thickness of the HCNB, MoS2@HCNB and HCNB@MoS2
electrodes. 
Figure S8. SEM images of the electrode thickness for (a) HCNB, (b) MoS2@HCNB 
and (c) HCNB@MoS2 electrodes.  
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9. Textural parameters and compacting densities of HCNB, MoS2@HCNB and 
HCNB@MoS2 














HCNB 1400.0 2.25 1.17 1.41 
MoS2@HCNB 734.8 2.15 0.70 1.56 





10. Elemental composition of HCNB, MoS2@HCNB and HCNB@MoS2 by XPS 
 
Table S2. Elemental composition of HCNB, MoS2@HCNB and HCNB@MoS2 by XPS 
Samples C (at%) N (at%) O (at%) S (at%) Mo (at%) 
HCNB 91.0 3.6 5.4 — — 
MoS2@HCNB 68.5 12.4 14.8 2.3 1.0 





11. Comparison of the as-prepared electrode materials with previously reported 
materials 






Scan rate Electrolytes Ref 
B/N porous carbon 247 101 0.50 A g−1 6M KOH 2 
Carbon nanosheets 233 177 0.1 A g−1 1M H2SO4 3 
Ordered 
mesoporous carbon 171 107 5 mVꞏs−1 6M KOH 
4 
CNFs 280 88 0.50 A g−1 6M KOH 5 
RGO 285 218 1 A g−1 6M KOH 6 
RGO film 180 226 5 mV s−1 6M KOH 7 
3D porous carbon 318 118 0.50 A g−1 6M KOH 8 
GO hydrogel 133.6 176.5 1 A g−1 6M KOH 9 
Holey GF 208 148 1 A g−1 6M KOH 10 
Ti3C2Tx clay  245 900 2 mV s−1 1 M H2SO4 11 
2H-MoS2 nanosheet 280 700 5 mV s−1 0.5 M H2SO4 12 
RGO-F/PANI  790 205 1 A g−1 1 M H2SO4 13 
PANI/graphene  546 802 0.1 A g−1 1 M H2SO4 14 
aMEGO/MnO2  256 640 0.5 A g−1 1 M H2SO4 15 
BCN/MoS2 283 798  1 A g-1 1 M H2SO4 16 
PIn/CB/MoS2 442 512.7 1 A g-1 1 M H2SO4 17 
PIN/CNTs 555.6  222.2 0.5 A g−1 1 M H2SO4 18 
HCNB 272 370 0.2 A g−1 6M KOH This work 
HCNB@MoS2 370 670 0.2 A g−1 6M KOH This work 




12. Estimation of the theoretical specific capacity of Molybdenum disulfide (MoS2) 
Molybdenum disulfide (MoS2) has relatively high theoretical specific capacity as the 
electrode material for supercapacitors. The theoretical specific capacity (Cs) of MoS2 
can be calculated according to the following formula19, 
                                                                          





Where n is the electron number, F is the Faraday constant (96,485 C mol−1), m is the 
molecular weight, V is the redox potential. 
The pseudocapacitance of MoS2 is due to the faradaic charge transfer of Mo during 
the electrochemical process, in which Mo could show several oxidation states from +2 
to +6, so it can show a pseudocapacitor similar to RuO2. The redox reactions of Mo4+ in 
aqueous electrolyte generally gains or loses 2 electrons. Therefore, the total number of 
electrons taking part in the reaction, n = 2. 
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